Temperature and field-dependent magnetization M (H, T ) measurements and neutron scattering study of a single crystal CeSb2 are presented. Several anomalies in the magnetization curves have been confirmed at low magnetic field, i.e., 15.6 K, 12 K, and 9.8 K. These three transitions are all metamagnetic transitions (MMT), which shift to lower temperatures as the magnetic field increases. The anomaly at 15.6 K has been suggested as paramagnetic (PM) to ferromagnetic (FM) phase transition. The anomaly located at around 12 K is antiferromagnetic-like transition, and this turning point will clearly split into two when the magnetic field H ≥ 0.2 T. Neutron scattering study reveals that the low temperature ground state of CeSb2 orders antiferromagnetically with commensurate propagation wave vectors k = (−1, ±1/6, 0) and k = (±1/6, −1, 0), with Néel temperature TN ∼ 9.8 K. This transition is of first-order, as shown in the hysteresis loop observed by the field cooled cooling (FCC) and field cooled warming (FCW) processes.
I. INTRODUCTION
The family of light rare-earth diantimonides RSb 2 (R=La-Nd) exhibits a remarkably rich variety of behaviors from superconductivity in LaSb 2 , charge density wave transitions in PrSb 2 , to anisotropic ferromagnetism in CeSb 2 . CeSb 2 is a well-known example of a complex sequence of several magnetic ordered phases [1, 2] . It becomes ferromagnetic at about 15.5 K, with the ordered moment oriented within the basal plane, i.e., the easy magnetic direction is perpendicular to the c axis, and then undergoes two or probably three further magnetic transitions at 11.5 K, 9.5 K and 6.5 K at zero field [3, 4] . According to transport and magnetization experiments in this compound, there appears to be more than 4 different magnetic phases, some of which are metastable. It is an ideal material for the study of metamagnetism (MMT), which may have a wide variety of technological applications [5] and has attracted much attention following the study of the heavy fermion systems CeRu 2 Si 2 [6, 7] , URu 2 Si 2 [8] , and CeIr 3 Si 2 [9] .
Several different interpretations have been proposed for this phenomenon. For examples, Singh et al. [10] explained the MMT behavior due to the presence of competing positive and negative exchange interactions. Some research showed that MMT seems to be a crossover between different magnetic states rather than a real transition [11] . Another origin could be associated with the abrupt localization of the f electron with a discrete change in Fermi surface volume. In order to determine the electronic properties, Joyce et al. [12] performed high-resolution synchrotron radiation photoelectron spectroscopy for CeSb 2 and found no indication of Kondo-like behavior in the bulk properties. Later, the same research group [13] showed dispersion of the near-E F photoemission characteristics which cannot be described by the single-impurity picture [14] . On the other hand, the electronic band structure of CeSb 2 can be strongly influenced by applying pressure. Kagayama et al. [15, 16] reported that the MMT field was enhanced by pressure in CeSb 2 , and showed some features that may be explained as enhancement in the hybridization between the f electron and conduction electrons by decreasing the atomic distance or the lattice parameters.
In spite of considerable effort devoted to the study of MMT behavior, little consensus has been achieved about the mechanism. Just as the crystal structure information is absolutely significant for understanding the physical properties of the crystals, the spin configuration or the magnetic structure information is necessary to understand the magnetic properties. However, to our best knowledge, no detailed magnetic structure as well as the competing interactions in CeSb 2 has been reported.
In this work, in addition to the detailed study of the temperature and field-dependent magnetization M (H, T ), we performed neutron scattering experiments of CeSb 2 to study the magnetic ordering at low temperature. Single crystal neutron diffraction led to the observation of antiferromagnetic peaks described by the propagation vectors k = (±1/6, −1, 0) and k = (−1, ±1/6, 0), with the Néel temperature T N ∼ 9.8 K. Our results confirm the previous prediction [1] that antiferromagnetic exchange is important in CeSb 2 , and this study might be essential for the understanding of the MMT behaviour.
II. EXPERIMENT AND ANALYSIS
According to previous structure studies [17, 18] , CeSb 2 crystalizes in orthorhombic structure (space group Cmce, No.64), with the experimental and calculated lattice parameters listed in Table I . Density functional theory (DFT) calculations were carried out by using the Vienna ab initio simulation package (VASP) [20, 21] , with the frozen-core projector augmented wave (PAW) method. We used GGA descriptions for the exchange-correlation functional, with the cutoff energy of 500 meV in a plane-wave basis expansion. The k-point meshes in the Brillouin zone (BZ) are sampled by 13×13×4, determined according to the Monkhorst-Pack scheme. The equilibrium volume (V 0 ) is determined by a least-squares fit of the total energy-volume (E-V ) curves to the third-order Birch-Murnaghan equation of state [22] ,
with E 0 being the equilibrium energy and B ′ 0 the pressure derivative of B 0 .
In this work, both nonmagnetic (NM) and ferromagnetic configurations were tested. The total energy for the FM configuration is indeed lower than that of the NM configuration, i.e., in the ground-state a FM state is favored. With the FM configuration, the magnetic moment obtained is about 0.6 µ B /Ce. Compared with the previous X-ray experimental results [17] [18] [19] as well as this neutron scattering study, the calculated lattice parameters a, b, c, and the c/a axial ratio show good agreements.
A. Magnetization measurement
High quality single crystal CeSb 2 was grown using the selfflux method [4] . The crystals grow as soft plates, with c axis perpendicular to the plate. Magnetization measurements were performed using Quantum Design PPMS DynaCool instrument, with the magnetic field applied parallel or perpendicular to c axis of the crystal, respectively. Figure 1 shows the magnetic susceptibility versus temperature T (2 K≤ T ≤ 20 K) curves measured at different magnetic fields (0.01 T≤ H ≤1.8 T) with H ⊥ c. The sample was first cooled in zero-field down to the lowest temperature 2 K and then the magnetic field was applied. These data are denoted as zero-field cooled (ZFC) data. The low temperature behavior of CeSb 2 is quite complicated with several phase transitions clearly visible in the magnetization curves. At H=0.01 T, a suggested paramagnetic to ferromagnetic phase transition is observed at T C =15.6 K, in good agreement with previous magnetization measurements [1, 2, 4] , as well as specific heat curves with a sharp λ peak [3, 19] . As the magnetic field increases, this transition will gradually shift to lower temperatures. For examples, at H = 1.8 T the transition temperature falls to T C =13.1 K.
As the temperature is further reduced, for H ≤0.1 T, only one clear broad maximum centred around 12 K is observed as indicated in Fig. 1 , which seems to be antiferromagnetic phase transition. It can be reflected in the specific heat curves as a round-shaped peak at ∼9.5 K and a small λ peak at ∼12 K [3, 19] . As the magnetic field increases, this unique broad maximum at around 12 K in the ZFC susceptibility will gradually split into two humps (located at ∼9.8 K and ∼12 K, respectively) and both of them will shift to lower temperatures. It has been confirmed by neutron scattering that CeSb 2 is antiferromagnetic ordering below 9.8 K, which will be described below.
Except for these transitions, at low magnetic field H ≤ 0.1 T, the ZFC magnetic susceptibility curve exhibits another hump feature around T = 5 K, which can be also found in earlier measurements [2, 4] . This feature will be suppressed by increasing magnetic field, and the peak position will slightly shift to a lower temperature. However, for this hump, no corresponding anomaly can be observed in the specific heat measurements [3, 19] . It may suggest the developing of some further complicated spin-spin correlations among Ce ions with decreasing temperature. Figure 2 shows the magnetization M versus T curves for CeSb 2 at selected magnetic fields. The field cooled cooling (FCC) data was collected during cooling down process from high temperature to lowest temperature 2 K in field, and after then the field cooled warming (FCW) data was collected as the temperature increasing again to high temperature. We focus on the interesting features at around 12 K, i.e., single broad peak at low magnetic field H = 0.01 T but two-peak structure at higher magnetic field T ≥ 0.2 T. It is unambiguously shown in Fig. 2 that there exists a thermal hysteresis between FCC and FCW data, which reveals that this transition is of first order. 
X-ray at 300 The anisotropic susceptibility of CeSb 2 is presented in Figure 3 , which is in good agreement with the previous results [1, 2] , with c axis the hard magnetization axis. This remarkable magnetic anisotropy in CeSb 2 may be governed by the combination of the crystal field effects [2] and the hybridization effect of the 4f wave functions with conduction electrons [23] .
Further insight into the magnetic behavior may be obtained from the isothermal magnetization. Figure 4 shows the magnetization curves as a function of field (0 T≤ H ≤4 T) in a temperature range from 2 K to 13 K, where clear metamagnetic transitions are evident for all temperatures. The metamagnetism is broadened as the temperature increases. Each of the M (H) curves was measured with both increasing and decreasing magnetic field. For T ≤10 K, M (H) is hysteretic and saturates gradually with increasing H with M s (2 At temperature T =2 K, several plateaus were observed and at the first plateau M/M s ≈ 0.18 which is quite close to the value of 1/6. There are four clear anomalies appearing in the corresponding field derivative of the magnetization dM /dH at H = 0.91, 1.4, 2.35 and 3.5 T.
Based on the measurements of magnetization as a function of temperature T and magnetic field H (Figures 1 − 4) , a tentative H-T phase diagram for CeSb 2 for one direction of the magnetic field H ⊥ c may be constructed, as shown in Figure  5 . The phase diagram is really complex with four magnetically ordered phases labeled as I−IV, indicating the existence of many competing interactions in CeSb 2 . As described above that for H ≤ 0.1 T, there is only one broad hump located at about 12 K, which suggests that the phases I and II may be hardly distinguished at low magnetic fields. . The appearance of a second set of magnetic peaks with h and k flipped can be explained easily by the Cmce structure with a ≈ b making it a pseudocubic structure where the large sample size favors the existence of domains rotated by 90
• against each other along the common c axis. This has no influence to the temperature dependence of the magnetic peaks studied in this work.
B. Commensurate magnetic ordering studied by neutron scattering
In order to understand the magnetic properties in CeSb 2 , neutron scattering measurements were performed to determine the propagation vector at low temperature. The sample measured is approximately 8×8 mm 2 in-plane dimensions and 0.3 mm thickness. Single crystal neutron diffraction experiments were performed on the Diffuse scattering neutron time of flight spectrometer DNS [24] and the cold neutron triple-axis spectrometer PANDA [25] at Heinz Maier-Leibnitz Zentrum (MLZ) in Garching, Germany. Figure 6 shows the difference (3.7 K−20 K) neutron diffraction pattern of single crystal CeSb 2 measured at DNS with x-spin flip mode. Magnetic satellites appearing around the systematically-absent spots (−1, 0, 0) and (0, −1, 0) are clearly shown. The commensurate propagation wave vectors are assumed as k = (±1/6, −1, 0) and k = (−1, ±1/6, 0).
Single crystal measurements at PANDA confirmed these features.
On Panda, the sample was also aligned in (h, k, 0) orientation. Pyrolytic graphite PG(002) was used as monochromator and analyzer, and a Be filter was placed before the analyzer. Elastic scans were performed at fixed neutron wave vectors k i = k f =1.57Å −1 . Figure 7 shows the elastic h scans of the pair of magnetic Bragg peaks (±1/6, 1, 0) at T = 5 K.
A further step in the search for the correct propagation vector was carried out on the single crystal diffractrometer HEIDI at MLZ [26] . As shown in Fig. 8 , the mapping of the recipro- cal space at different temperatures reveals one clear magnetic reflection which is unambiguously described by the propagation vector k = (−1/6, −1, 0). The propagation vector almost does not change with temperature. Figure 9 exhibits the temperature dependence of the intensities for the magnetic reflections (±1/6, −1, 0) and (−1/6, −1, 1). As the temperature decreased, a magnetic ground state is formed which may be due to the weak hybridization of the f levels with conduction electrons [13] . The ordered magnetic moment on Ce sites increases with decreasing temperature and remains constant (within the measurement error) at lower temperatures. The fit of the integrated intensity to the power law I ∼ (T N −T ) 2β revealed the ordering temperature T N = 9.8 K, corresponding well to T N obtained from macroscopic magnetization measurements. The fitted value of the critical exponent β = 0.5.
It should be pointed out that except for the phase transitions at around 15.6 K, 12 K, and 9.8 K, the previous resistivity measurements for CeSb 2 [4] exhibited one more anomaly at 6.5 K which was ascribed to the antiferromagnetic to ferromagnetic transition. However, by neutron scattering no AFM-FM phase transition has been observed down to 2 K. It is possible that the exchange interaction in CeSb 2 might be not strong enough to screen out the 4f moments completely at low temperatures, and thus RKKY interaction leads to commensurate antiferromagnetic ordering at T N = 9.8 K.
III. CONCLUSIONS
CeSb 2 displays complex magnetic ordering at low temperature. The temperature T and magnetic field H dependencies of magnetization in CeSb 2 exhibit a rich phase diagram which includes four magnetic ordering phases, indicating that there are several tuned exchange interactions. All the kinks associated with the magnetic phase transitions are gradually suppressed to lower temperatures by increasing magnetic field H. Moreover, the temperature-dependent magnetization of CeSb 2 shows strong anisotropy, which may be due to crystal field effect. Therefore, further inelastic neutron scattering study of CEF excitations may be quite helpful for revealing the hidden mechanism.
Microscopic information on the magnetic structures is essential for understanding the complex magnetic properties of strongly correlated electron systems. A series of neutron scattering measurements were performed on one CeSb 2 single crystal. It reveals an antiferromagnetic ground state below T N = 9.8 K without any further AFM-FM phase transition down to 2 K. The commensurate antiferromagnetic ordering of CeSb 2 can be described by the propagation vectors k = (−1, ±1/6, 0) and k = (±1/6, −1, 0). Moreover, as known that the Fermi surface topology might play an important role in the determination of the magnetic ordering [27] , further DFT calculations as well as experimental technique are required to track the possible modification of Fermi surface.
